We have previously isolated 32 mutants of Legionella pneumophila that are defective in the infection of mammalian cells but not protozoa. The mutated loci have been designated macrophage-specific infectivity (mil) loci. In this study we characterized the mil mutant GK11. This mutant was incapable of growth within U937 macrophage-like cells and WI-26 alveolar epithelial cells. This defect in intracellular replication correlated with a defect in cytopathogenicity to these cells. Sequence analysis of the GK11 locus revealed it to be highly similar to rep helicase genes of other bacteria. Since helicase mutants of Escherichia coli are hypersensitive to thymine starvation, we examined the sensitivity of GK11 to thymineless death (TLD). In the absence of thymine and thymidine, mutant GK11 did not undergo TLD but was defective for in vitro growth, and the defect was partially restored when these compounds were added to the growth medium. In addition, supplementation with thymidine or thymine partially restored the ability of GK11 to grow within and kill U937 macrophage-like cells. The data suggested that the low levels of thymine or thymidine in the L. pneumophila phagosome contributed to the defect of GK11 within macrophages. Using confocal laser scanning microscopy, we determined the effect of the mutation in the Rep helicase homologue on the intracellular trafficking of GK11 within macrophages. In contrast to the wild-type strain, phagosomes harboring GK11 colocalized with several late endosomal/lysosomal markers, including LAMP-1, LAMP-2, and cathepsin D. In addition, only 50% of the GK11 phagosomes colocalized with the endoplasmic reticulum marker BiP 4 h postinfection. Colocalization of BiP with GK11 phagosomes was absent 6 h postinfection, while 90% of the wild-type phagosomes colocalized with this marker at both time points. We propose that the low level of thymine within the L. pneumophila phagosome in combination with simultaneous exposure to multiple stress stimuli results in deleterious mutations that cannot be repaired in the rep helicase homologue mutant, rendering it defective in intracellular replication.
The Legionnaires' disease bacterium, Legionella pneumophila, is a gram-negative facultative intracellular bacterial pathogen (15, 49) . Legionnaires' disease is a common pneumonia that occurs in both nosocomial and community settings (14, 19, 41) . In the lungs of affected individuals, L. pneumophila replicates in phagocytic and possibly alveolar epithelial cells, within a specialized compartment that is surrounded by the host-cell rough endoplasmic reticulum (RER) and mitochondria (1, 24, 39, 51, 62) . Furthermore, the L. pneumophila phagosome has been characterized as an endosome maturation-blocked phagosome due to its inability to mature along the classical endocytic trafficking pathway into a phagolysosome (1) . More specifically, this phagosome has been shown to be devoid of the late endosomal/lysosomal markers LAMP-1, LAMP-2, and cathepsin D (17, 40, 61, 63) .
The ability of L. pneumophila to cause disease has been linked to its ability to replicate within its environmental protozoan hosts (8, 21, 65) . Within protozoa, L. pneumophila replicates within a phagosome that appears similar to its mammalian counterpart in that it is surrounded by the RER and mitochondria (3, 64, 65) . In addition, the L. pneumophila phagosome is blocked from maturation into a phagolysosome (13) . Interestingly, we have isolated 89 distinct mutants of L. pneumophila (pmi mutants) that are defective for growth within both mammalian and protozoan cells (30, 31, 60) . Furthermore, 12 of the pmi mutants contain insertions in the dot/icm gene clusters (reference 57 and our unpublished data), indicating the requirement of the Dot/Icm secretion system for infectivity of both mammalian and protozoan cells (30, 57, 66) . This observation has recently been supported by the finding that other dot/icm genes are required for intracellular growth within both host cells (58) . In addition to these genes, the pilD product, a component of the type II secretion apparatus of L. pneumophila, is also required for growth within mammalian cells and protozoa (45, 46) . The above findings support the idea that L. pneumophila may utilize similar mechanisms to infect its two evolutionarily distant hosts (1, 7, 8) .
L. pneumophila, however, appears to have evolved distinct mechanisms to infect and replicate within its various host cells. We have isolated 32 mutants (mil mutants) of L. pneumophila that are defective for growth within macrophages but not within Acanthamoeba polyphaga (29, 31) . None of the mil mutants contain insertions in the dot/icm loci (29) . The identity of the mil genes is currently under investigation and will likely yield clues about the nature of the interaction between L. pneumophila and macrophages. One of the mil loci (milA) has been recently characterized and found to encode a potential transporter with homology to sugar transport proteins from other bacteria (33) . In this study we characterized the mil mutant GK11.
MATERIALS AND METHODS
Bacterial strains and vectors. The virulent strain of L. pneumophila (AA100) is a clinical isolate and has been described previously (4) . Plasmid pBC-SK ϩ (Stratagene, La Jolla, Calif.) was used to subclone L. pneumophila DNA. Cloning experiments were performed with Escherichia coli DH5␣ as a host strain (Bethesda Research Laboratories [BRL], Gaithersburg, Md.). The L. pneumophila chromosomal cosmid DNA library that contains a chloramphenicol resistance marker has been previously described (35, 53, 59) .
DNA manipulations and sequence analysis. L. pneumophila chromosomal DNA was prepared using a Puregene DNA isolation kit (Gentra Systems, Minneapolis, Minn.). Transfections, restriction enzyme digestions, and DNA ligations were performed as described elsewhere (56) unless specified. Restriction enzymes were purchased from Promega (Madison, Wis.), and T4 DNA ligase was obtained from BRL. Plasmid and cosmid DNA preparations were performed using Qiagen mini and midi plasmid kits, respectively (Qiagen Inc., Chatsworth, Calif.). Transformations were done using a Gene Pulser as recommended by the manufacturer (Bio-Rad, Hercules, Calif.). Purification of DNA fragments from agarose gels for subcloning or labeling for Southern hybridization was carried out using a QIAquick gel purification kit (Qiagen). Fluorescein labeling of DNA probes for Southern hybridization was done using the ECL random prime labeling system, version II (Amersham Pharmacia Biotech Inc., Piscataway, N.J.). Oligonucleotides for sequencing were purchased from Integrated DNA Technologies Inc. (Coralville, Calif.). Initial sequencing was performed using a chromosomal HindIII subclone of the kanamycin insertion region of GK11. This subclone included half of the kanamycin cassette and the adjacent L. pneumophila DNA, which allowed sequencing using a primer, designated Tn10.2 (5Ј-T CATTAGGGGATTCATCA-3Ј), homologous to the inverted repeat of the IS10 elements of the mini-Tn10::Kan. Subsequent sequencing was performed directly from cosmid clone K9 that complemented the GK11 defect. Sequence comparisons and alignments were performed using the BlastX and Blast2 programs, respectively.
Bacterial cultures. For all experiments described, L. pneumophila AA100 and GK11 were grown to the postexponential phase in the following manner. Bacteria were grown from frozen stocks on buffered charcoal-yeast extract (BCYE) agar (supplemented with kanamycin [20 g/ml] for strain GK11) for 48 h at 37°C. The bacteria were resuspended to an optical density at 550 nm (OD 550 ) of 0.1 to 0.4 in buffered yeast extract (BYE) broth and grown at 37°C in a shaking incubator for 15 to 18 h to an OD 550 of 2.1 to 2.2, when bacterial replication completely stopped (post-exponential growth phase).
To compare the growth of mutant GK11 to that of the wild-type strain in BYE medium, bacteria were grown on BCYE agar plates for 48 h at 37°C. Bacteria were then resuspended in BYE medium to an OD 550 of 0.1 to 0.4, and growth was measured spectrophotometrically. The effect of thymine or thymidine supplementation on the in vitro growth of mutant GK11 was determined by monitoring growth in a semidefined medium (CAA medium) as described previously (50) . Briefly, bacteria were grown on BCYE agar plates for 48 h at 37°C, washed three times in sterile water, and resuspended to an OD 550 of 0.1 to 0.4 in CAA medium supplemented with thymine or thymidine (200 g/ml), and cultures were grown at 37°C with shaking at 220 rpm. Bacterial growth was monitored spectophotometrically at an OD of 550 nm, and viability of GK11 in the absence or presence of thymine or thymidine in CAA medium was determined by colony enumeration on BCYE agar plates. Note that supplementation with either thymine or thymidine yielded identical results in all described experiments; thus, only results from thymidine supplementation are presented.
Tissue culture and infections. U937 macrophage-like cells were maintained at 37°C and 5% CO 2 in RPMI 1640 tissue culture medium (Gibco BRL, Gaithersburg, Md.) supplemented with 10% heat-inactivated fetal bovine serum (Gibco BRL). For infections, cells (10 5 cells/well in 96-or 24-well plates) were differentiated for 48 h using phorbol 12-myristate 13-acetate as described previously (5) .
WI-26 human type I alveolar epithelial cells were maintained in minimum essential medium supplemented with 10% heat-inactivated fetal bovine serum at 37°C and 5% CO 2 (31) . For infections, 10 4 cells/well were seeded in 96-well plates and incubated at 37°C and 5% CO 2 overnight.
Infection protocol. A multiplicity of infection (MOI) of 10 was used to determine bacterial growth kinetics in U937 macrophage-like cells or WI-26 alveolar epithelial cells, and an MOI of 1 was used to determine cytopathogenicity. An MOI of 1 was also used in laser scanning confocal microscopy experiments (see below).
Infections were performed as described previously (29, 30) . Briefly, bacteria were diluted to the appropriate concentrations in tissue culture medium and added to monolayers in 96-well plates (to determine intracellular growth kinetics and cytopathogenicity) and 24-well plates (for microscopy experiments). Plates were then spun at 1,000 ϫ g for 5 min in order to synchronize the infection. For cytopathogenicity and microscopy experiments, plates were then incubated at 37°C for several time intervals. To examine intracellular growth and survival, extracellular bacteria were killed using gentamicin (50 g/ml) for 1 h following an initial 1-h infection at 37°C. Infections were then incubated at 37°C for several time intervals, and the number of intracellular bacteria was determined following growth on BCYE plates.
Cytopathogenicity was determined by treatment of infected or noninfected monolayers with 10% Alamar blue dye (Alamar Bioscience Inc., Sacramento, Calif.). Viability of monolayers was measured optically at a wavelength of 570 nm and corrected for background at 600 nm, using a VMAX kinetic microplate reader (Molecular Devices, Menlo Park, Calif.) (6) . The relative degree of cytopathogenicity was expressed as percent survival compared to noninfected cells, using the formula (mean OD value of infected/mean OD value of noninfected) ϫ 100 as described previously (30) . Noninfected cells were considered 100% viable.
To determine the effect of thymine or thymidine on the in vivo growth kinetics and cytopathogenicity of GK11, U937 macrophage-like cells were preincubated with thymidine or thymine (200 g/ml) for 24 h and then infected in the presence or absence of thymine or thymidine (200 g/ml). Growth kinetics and cytopathogenicity were determined exactly as described above.
Antibodies, stains, and laser scanning confocal microscopy. U937 cells were differentiated on 12-mm-diameter (0.13 to 0.17 mm thick) circular glass coverslips (Fisher Scientific, Pittsburgh, Pa.) in 24-well culture plates. Following infections, cells were processed for confocal laser scanning microscopy exactly as described previously (28) . Briefly, to differentiate between intracellular and extracellular bacteria, a polyclonal anti-L. pneumophila antibody (26) was used to label extracellular bacteria; cells were then permeabilized, and intracellular and extracellular bacteria were stained with Toto-3 (Molecular Probes Inc., Eugene, Oreg.). The primary antibodies anti-LAMP-1, anti-LAMP-2, anti-cathepsin D, and anti-BiP, as well as conjugated secondary antibodies, were used exactly as described previously (28) . Samples were analyzed using a Leica TCS SP laser scanning confocal microscope (Leica Microscopy and Scientific Instruments Group, Heerburg, Switzerland). On average, 15 serial 0.2-m sections of each image were captured, compiled, and stored for further analyses, using Adobe Photoshop 5.0 (Adobe, Inc.). Duplicate samples from at least three independent experiments were analyzed, and results of a representative experiment are provided in Results. Colocalization was assessed by counting 100 to 150 intracellular bacteria per experiment. Fluorescence intensity was measured using Leica TCS SP software.
Hemolysis assays. Hemolysis of sheep red blood cells (sRBCs) was performed as previously described (43) . Bacteria were mixed with sRBCs at an MOI of 25, pelleted for 2 min at 13,000 ϫ g, and incubated at 37°C for 60 min. Hemolysis of sRBCs was assessed spectrophotometrically at an OD of 415 nm.
Nucleotide sequence accession number. Partial sequence of the L. pneumophila rep helicase gene was submitted to GenBank and assigned accession number AF173009.
RESULTS
Intracellular growth of GK11 within macrophages and alveolar epithelial cells. L. pneumophila has been shown to undergo growth phase-dependent expression of several virulence-associated phenotypes that are triggered at the postexponential growth phase (16) . Thus, it is crucial to take special note of the bacterial growth phase when characterizing potential mutants. For our initial characterization of the mil and pmi mutants, we used bacteria grown to the mid-late logarithmic growth phase (29, 30) .
In this study, bacteria were grown into the post-exponential phase in BYE broth and used for infection studies. The intracellular growth of GK11 was severely defective compared to the parental strain AA100 within both U937 macrophages ( Fig. 1A ) and WI-26 alveolar epithelial cells (Fig. 1B) . Similar numbers of GK11 and AA100 were present within these cells at 0 and 4 h postinfection after gentamicin treatment (Fig. 1) . Therefore, GK11 was not defective for entry into these cells. Interestingly, the number of intracellular GK11 remained constant throughout the time course of the experiment (48 h) within both cell types, while AA100 counts increased ϳ10,000-fold (Fig. 1) . These results showed that GK11 was severely defective in intracellular replication within both macrophages and alveolar epithelial cells.
Cytopathogenicity of GK11 to U937 macrophages and WI-26 alveolar epithelial cells. Cytopathogenicity of L. pneumophila to its host cells correlates with its intracellular growth. Furthermore, all of the previously described mutants of L. pneumophila that are defective for intracellular growth are also defective for cytopathogenicity (29, 30, 54, 55, 66) . GK11 was less cytopathogenic to both macrophages and WI-26 cells than AA100 (Fig. 2) . Furthermore, the defect in cytopathogenicity remained relatively constant throughout the course of the infection (Fig. 2) . Thus, the defect of GK11 in intracellular growth correlated with its defect in cytopathogenicity to both macrophages and epithelial cells.
The ability of L. pneumophila to kill macrophages and epi-thelial cells has been shown to occur via a biphasic mechanism (25, 26) that involves apoptosis early during the first few hours of infection (25, 26, 52) , followed by a rapid and independent necrosis prior to escape of the bacteria from the host cell (16) .
Examination of the DNA of infected macrophages by agarose gel electrophoresis (26) showed that mutant GK11 induced apoptosis in macrophages similarly to the wild-type strain (data not shown). Thus, it is possible that its defect in cytopathogenicity is due to a defect in induction of necrosis. L. pneumophila-mediated necrotic damage to the host cell is mediated by a pore-forming activity that can be tested for by determining hemolysis of sRBCs (43) . However, post-exponential-growthphase GK11 lysed sRBCs similarly to strain AA100 (data not shown). Since GK11 is not defective in induction of apoptosis or necrosis, its defect in cytopathogenicity is most likely due to its defect in intracellular replication. Sequence analysis of the GK11 locus and complementation of the defect. A 2.7-kb chromosomal fragment from GK11 that contained the kanamycin cassette and flanking L. pneumophila sequences was subcloned and used as a probe to screen an L. pneumophila genomic library. Two cosmid clones that hybridized to the insert were isolated and introduced into GK11. One of these cosmids (clone K9) complemented the GK11 defect in intracellular replication in and cytopathogenicity to U937 macrophage-like cells and WI-26 alveolar epithelial cells ( Fig. 1 and 2 ). The second cosmid clone did not complement the GK11 defects, presumably because it contained only part of the complementing element or was a false-positive clone.
Sequence analysis showed that the kanamycin cassette was inserted 300 bp upstream of the carboxy terminus of a 1.4-kb open reading frame (ORF). Comparison of the predicted amino acid sequence of the 1.4-kb ORF to other sequences using the BlastX program revealed it to contain a high degree of similarity to the Rep helicase of several bacterial species. The highest degree of similarity was to the Rep helicase of E. coli (49% identity and 66% similarity) (data not shown). In addition, helicases in general contain six conserved motifs, five of which (motifs II, III, IV, V, and VI) were identical to those of E. coli (data not shown). Furthermore, the location of the kanamycin insertion was between two of the conserved motifs (motif V and VI) (44, 67) . Thus, the GK11 ORF most likely encoded the Rep helicase of L. pneumophila, and the kanamycin cassette disrupted a helicase function. Sequencing of the region downstream of the termination codon of the rep gene showed that there were no ORFs present in all six possible reading frames at least up to 600 bp downstream of the termi- nation codon. Thus, the GK11 ORF may either be monocistronic or a terminal gene in an operon. In either case, the kanamycin insertion is not expected to result in polar effects on other genes. Furthermore, the rep gene is monocistronic in other bacterial species such as E. coli and Haemophilus influenzae (22, 32) .
TLD of GK11. Several DNA repair mutants of E. coli, including Rep helicase mutants, are also hypersensitive to thymineless death (TLD) (10, 18) . Thymine starvation has been shown to result in enhanced DNA damage such as doublestrand breaks and incorporation of dUMP in place of dTMP in newly synthesized DNA, which could potentially become lethal if not properly repaired. In addition, thymine-starved bacteria exhibit inefficient assembly of Okazaki fragments during DNA replication (for a recent review, see reference 10). Thus, an inability to repair thymine starvation-induced DNA damage due to a helicase defect could be detrimental to the bacterium. Mutant GK11 grew as well as AA100 in BYE rich medium (data not shown). However, to determine whether GK11 is susceptible to TLD, we examined its growth in the semidefined CAA medium (lacking thymine and thymidine) in the presence or absence of thymidine supplementation. In the absence of thymidine supplementation, GK11 did not grow in CAA medium or grew very slightly (Fig. 3A) . In the presence of thymidine (200 g/ml), GK11 grew in CAA medium (following a lag phase of Ͼ20 h) with a generation time of 9 h, compared to 5.5 h for AA100 (Fig. 3A) . The slower growth of GK11 was not likely due to insufficient thymidine in the medium since increasing the concentration of supplied thymidine to 400 g/ml did not enhance its growth (data not shown). Furthermore, clone K9 (cosmid-complemented GK11) exhibited growth kinetics identical to those of AA100 (data not shown).
To determine whether the absence of thymidine also resulted in increased death of GK11, we examined the viability of GK11 grown in CAA medium in the absence or presence of thymidine. Thymidine supplementation did not enhance the growth of AA100 (Fig. 3B) . The number of GK11 CFU increased only eightfold in the absence of thymidine in CAA medium during 52 h of incubation (Fig. 3B) . In contrast, GK11 grown in CAA medium in the presence of thymidine exhibited a more than 500-fold increase in CFU (Fig. 3B) . In addition, clone K9 grew as well as AA100 in the absence of a thymidine supplement (data not shown). Thus, the mutation in the putative rep gene of L. pneumophila resulted in an in vitro growth defect in CAA semidefined medium in the absence of thymidine. This is similar to observations that the E. coli Rep helicase mutant is sensitive to thymine starvation (10, 18) .
Thymine supplementation complements the intracellular growth and cytopathogenicity defects of GK11. Thymine auxotroph mutants of L. pneumophila have been shown to be defective for intracellular growth within macrophages, which indicates that the L. pneumophila phagosome is deficient in thymine or thymidine (50) . Thus, we determined whether supplementation of thymidine to the tissue culture media could complement the GK11 defect in intracellular replication in and cytopathogenicity to U937 macrophages. In the presence or absence of a thymidine supplement, strain AA100 grew 10,000-fold by 72 h postinfection (Fig. 4A) . In contrast, the number of intracellular GK11 remained relatively constant (or slightly declined) in the absence of thymidine over the time course of the experiment (Fig. 4A) . However, the intracellular numbers of GK11 increased 100-fold when thymidine was added to the tissue culture medium (Fig. 4A) . It may not be surprising that in the presence of thymidine, GK11 did not grow intracellularly as well as AA100, since in vitro growth of GK11 in the presence of thymidine in CAA medium was also less than that of AA100 (Fig. 3A) . The lower intracellular growth of GK11 was not likely due to insufficient thymidine supplementation to the tissue culture medium, since increasing the concentration of the supplement to 400 g/ml did not increase growth (data not shown).
The enhanced growth of GK11 within macrophages in the presence of thymidine correlated with increased cytopathogenicity to these cells (Fig. 4B) . Although GK11 was not as cytopathogenic to U937 cells as AA100, over 60% of the macrophages infected with GK11 in the presence of thymidine were killed by 96 h postinfection (Fig. 4B) . In stark contrast, macrophages infected with GK11 in the absence of thymidine remained completely viable throughout these experiments (Fig. 4B) . Thus, the Rep helicase defect of GK11 resulted in a defect in intracellular replication and cytopathogenicity that was likely contributed to by the lack (or low concentration) of thymine or thymidine in the L. pneumophila phagosome.
Colocalization of the GK11 phagosome with late endosomal/ lysosomal markers. Since GK11 was incapable of intracellular growth, we determined whether it exhibited aberrant intracellular trafficking of its phagosome as well. Using confocal laser 
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Rep HELICASE OF L. PNEUMOPHILA 6973 scanning microscopy, we examined colocalization of the GK11 phagosome with the late endosomal/lysosomal markers LAMP-1, LAMP-2, and cathepsin D. Visual assessment of colocalization was corroborated by measurement of fluorescence intensity across the phagosome. Colocalization was determined by the presence of two fluorescence peaks in the same area (one green for late endosomal/lysosomal markers and one blue for the bacteria) ( Fig. 5 and 6 ) as we described previously (33) . At 2 h postinfection, 60% of the GK11 phagosomes and 80% of the paraformaldehyde-killed AA100 phagosomes, but only 18% of the AA100 phagosomes, colocalized with LAMP-1 ( Table 1) . Following 4 h of infection, 80% of both the GK11 and paraformaldehyde-killed AA100 phagosomes colocalized with LAMP-1 ( Table 1 ). In contrast, only 5% of the AA100 phagosomes colocalized with LAMP-1 at 4 h postinfection ( Table 1) . Patterns of colocalization of the GK11 and paraformaldehyde-killed AA100 phagosomes with LAMP-1 and cathepsin D were similar at 2 and 4 h postinfection (75 to 85%) ( Table 1 and Fig. 5 ). In contrast, Ͻ15% of the AA100 phagosomes colocalized with these markers at 2 and 4 h post infection (Table 1 and Fig. 5) . Thus, the defect in GK11 resulted in an aberrant trafficking of its phagosome along the endosomal/ lysosomal maturation pathway.
Colocalization of the GK11 phagosome with the RER. Other mutants of L. pneumophila that exhibit aberrant intracellular trafficking are also defective in recruitment of the RER (25, 31, 61, 63) . We determined whether the inability of GK11 to inhibit colocalization with late endosomal/lysosomal markers correlated with a defect in recruitment of the RER. Using antiBiP antibody (luminal ER protein) and laser scanning confocal microscopy, recruitment of the RER was determined by an accumulation of BiP around the L. pneumophila phagosome (Fig. 6) . Intensity of fluorescence around the bacterial phagosome was measured and corresponded with the visual assessment of RER recruitment (Fig. 6) , as we described previously (33) . Since the RER surrounded the phagosome as a ring, green fluorescence (used to visualize BiP) peaked on either ends of a line drawn across the phagosome, while blue fluorescence (used to visualize bacteria) peaked only in the center of the phagosome (Fig. 6) . Lack of colocalization was determined by the absence of green fluorescence peaks around the bacterial phagosome. Recruitment of the RER was scored in AA100, GK11, and paraformaldehyde-killed AA100-infected U937 macrophages. Following 4 h of infection, BiP colocalized with 48% of the GK11 phagosomes, while 85% of the AA100 phagosomes colocalized with this marker (Table 1) . Colocalization of BiP with the GK11 phagosomes decreased to 12% after 6 h of infection, while colocalization with the AA100 phagosomes remained relatively constant (Table 1) . More than 95% of the paraformaldehyde-killed AA100 phagosomes did not colocalize with BiP (Table 1) . Thus, GK11 was defective in recruitment of the RER or at least was not able to sustain the RER-phagosome interaction.
DISCUSSION
Several intracellular bacterial pathogens have evolved mechanisms to modulate various host cell processes in order to survive and proliferate (9, 34, 37, 38) . Among the most fascinating aspects of the intracellular life cycle of L. pneumophila are its mechanisms of phagosomal modulation and escape from its host cells via heterogeneous and specific mechanisms such as apoptosis and/or necrosis (11, 23, 27, 28) . Such functions are likely to require specific bacterial products. For example, mutations in several of the dot/icm loci have been shown to alter the intracellular trafficking of L. pneumophila (42, 57, 66) . In addition to the identification of these genes, understanding the nature of the intracellular microenvironment within which bacterial pathogens reside is essential for the understanding of the nature of host-pathogen interactions (9, 36) . Such an understanding would also allow for the identification of new targets for therapeutic compounds. For example, the use of auxotrophic mutants of L. pneumophila has revealed that the phagosomal environment of L. pneumophila is devoid of thymine or thymidine and is not accessible to diaminopimelic acid (35, 50) . Tryptophan, on the other hand, is readily available to auxotrophs of this amino acid within macrophages (50) .
To identify genes that are required for survival within its host cells, Gao et al. have isolated 121 mutants of L. pneumophila (29, 30) . A subset of these mutants (mil mutants) is specifically defective for intracellular growth within macrophages but not protozoa (29) . Here we show that the mil mutant GK11 exhibits a severe defect in intracellular replication within U937 macrophage-like cells and WI-26 alveolar epithelial cells. Interestingly, the numbers of intracellular bacteria remain constant throughout the time course of the infec -FIG. 4 . Effect of thymidine supplementation on intracellular replication (A) and cytopathogenicity (B) of GK11 in U937 macrophage-like cells in the presence or absence of thymidine. Experiments were performed in triplicate and repeated at least three times. The data are from a representative experiment. Error bars represent standard deviation of the mean; some of the error bars are too small to be seen. tion within both cell types. The defect in intracellular replication of GK11 cannot be attributed to a defect in attachment or entry since equal numbers of GK11 and AA100 cells are present within macrophages and epithelial cells at 0 and 4 h postinfection.
Sequence analysis of the gene affected by the kanamycin insertion has revealed it to be most likely a rep helicase gene of L. pneumophila. Furthermore, the insertion site is localized between two conserved motifs (motifs V and VI) found in most helicase genes (44, 67) . In general, helicases are enzymes that catalyze the unwinding of DNA during replication, recombination, conjugation, and DNA repair (47, 48) . The Rep helicase is a 3Ј-5Ј helicase that is involved in unwinding of the replication fork in E. coli and in recombination and may play a role in DNA repair (18, 47, 48) . In addition, the Rep helicase of E. coli has been shown to oligodimerize with other helicases such as DnaB and UvrD (48) . Interestingly, E. coli Rep helicase mutants are not lethal, but rep/uvrD double mutants are lethal (47) . The Rep helicase mutation in GK11 has no effect on growth when the bacteria are grown in BYE rich medium.
However, several E. coli helicase mutants including rep mutants are hypersensitive to TLD (10) . This is thought to occur due to double-strand breaks and to an increase in deleterious mutations due to misincorporation of dUMP in place of dTMP in newly synthesized DNA that cannot be repaired (10) . In this regard, we determined if GK11 exhibits increased sensitivity to thymine or thymidine starvation. The data indicate that mutant GK11 does not grow or grows extremely slowly in CAA semidefined medium in the absence of thymine or thymidine. Furthermore, supplementation with thymine or thymidine restores the growth of GK11, although to a rate still lower than that of the wild-type strain. Thus, thymine or thymidine alone is not sufficient to completely complement the rep mutation in GK11. Additional sequencing of 600 bp downstream of the L. pneumophila rep gene does not reveal any ORFs, suggesting that it is monocistronic or a terminal gene in an operon, in which case the kanamycin insertion is not expected to result in polar effects on other genes.
Thymidine auxotrophs of L. pneumophila are attenuated for growth within macrophages, but growth can be restored by FIG. 5 . Colocalization of phagosomes with cathepsin D at 4 h after infection with wild-type L. pneumophila (AA100), GK11, and paraformaldehyde-killed AA100. Nucleic acids were stained with Toto-3 (blue pseudocolor), which labels both intracellular and extracellular bacteria and the cell nucleus (first column); cathepsin D was visualized using secondary antibodies conjugated to Oregon green (green pseudocolor; second column); extracellular bacteria were visualized using secondary antibody conjugated to Alexa red (red pseudocolor). Colocalization is shown in the third column. Intensity of fluorescence across the indicated phagosomes (arrows) is shown at the right. adding thymidine to the culture media (50) . This indicates that the L. pneumophila phagosome is devoid of or contains low concentrations of thymine or thymidine but that these compounds can freely access this compartment. This prompted us to determine the effects of thymidine supplementation on the intracellular growth and cytopathogenicity of mutant GK11. Addition of thymidine to the growth medium for GK11 restores (at least partially) intracellular growth within and cytopathogenicity to U937 macrophage-like cells. Thus, the Rep helicase of L. pneumophila serves an essential function in intracellular replication that becomes more pronounced in the absence of thymidine. To our knowledge, this is the first example of the requirement of a helicase function for the intracellular replication of an intracellular bacterial pathogen. Since thymine starvation results in an increased mutation rate (10), it is possible that the putative Rep helicase of L. pneumophila plays an essential role in the repair of these mutations.
Berger and Isberg have used a thymidine auxotroph of L. pneumophila to isolate attenuated strains in a TLD-enrichment assay (12) . Their studies have indicated that mutations arise spontaneously at a high rate in the thymidine auxotroph of L. pneumophila grown in macrophages in the absence of thymidine (12) . However, thymine or thymidine starvation is FIG. 6 . Colocalization of BiP with phagosomes of wild-type L. pneumophila (AA100), GK11, and paraformaldehyde-killed AA100 at 6 h postinfection. Nucleic acids were stained with Toto-3 (blue pseudocolor), which labels both intracellular and extracellular bacteria and the cell nucleus (first column); BiP was visualized using secondary antibodies conjugated to Oregon green (green pseudocolor; second column). Extracellular bacteria were visualized using secondary antibody conjugated to Alexa red (red pseudocolor). Colocalization is shown in the third column. Intensity of fluorescence across the indicated phagosomes (arrows) is shown at the right. (2, 4, 9, 20, 36) . Furthermore, L. pneumophila is constitutively exposed to stress stimuli within its intracellular environment, since the global stress protein GspA is constitutively expressed throughout intracellular growth (6) . Since thymine starvation results in an increased mutation rate (10, 12), we postulate that exposure of intracellular L. pneumophila to stress stimuli within mammalian cells results in enhanced DNA damage that cannot be repaired in the Rep helicase mutant, particularly in combination with thymine deprivation within the phagosome. This hypothesis is supported by our finding of the defect in intracellular trafficking of the Rep helicase mutant. While thymine auxotrophs of L. pneumophila are transported similarly to the parental strain (12), the Rep helicase mutant moves through the existing endosomal/lysosomal degradation pathway. The GK11 phagosome colocalizes with the three late endosomal/lysosomal markers LAMP-1, LAMP-2, and cathepsin D and is not surrounded by the RER. It is unlikely that the Rep helicase plays a direct role in intracellular trafficking. It is likely that the exposure of L. pneumophila to stress stimuli combined with the starvation for thymine or thymidine within mammalian cells results in high rates of DNA damage in some of the genes involved in modulating the biogenesis of the phagosome (e.g., dot/icm genes), and this DNA damage cannot be repaired in the rep helicase mutant. To our knowledge, this is the first example of the requirement of a Rep helicase function for the intracellular replication of an intracellular bacterial pathogen. This may not be surprising, since these pathogens inhabit idiosyncratic niches, the nature of which is likely unique for each pathogen (9, 36) . We have recently shown that like the rep gene, the stressinduced htrA homologue of L. pneumophila is a mil gene that is indispensable for growth within mammalian cells but is dispensable in protozoa (L. Pedersen et al., submitted for publication). This stress-induced chaperon/protease is required under extreme stress conditions in other gram-negative bacteria, which is a further testimony to the stressful phagosomal microenvironment inhabited by L. pneumophila within mammalian cells (4, 6, 9, 36) . It is interesting that the rep gene that is involved in DNA damage, which occurs under certain stress conditions, is also a mil locus that is not required for intracellular replication within protozoa. Taken together, the data suggest that the L. pneumophila phagosome faces a harsher microenvironment in mammalian cells than in the protozoan host. However, we cannot exclude the possibility that the relative deficiency of thymidine does not occur in amoebae. Further elucidation of this microenvironment will yield interesting knowledge about the adaptation of L. pneumophila to the two evolutionarily distant hosts.
